Quantum chemical calculations were used to study the production of ethylene from ethoxyquinoline (2-EQ) and ethoxyisoquinoline (1-EisoQ and 3-EisoQ) in gas phase and ethanol at MP2/6-311++G(2d, 2p). Keto forms of quinoline and isoquinoline (2-EQO, 1-EisoQO, and 3-EisoQO) which are formed through hydrogen migration to nitrogen were studied. Relative energies of decomposition of 2-EQ and 1-EisoQ reveal that the keto form is the dominant form by 1.2 and 3.7 kcal/mol, respectively. In ethanol, the keto form remains the dominant form for 2-EQ while the hydroxy form of 1-EisoQ is the more stable at the same level of theory. On the other hand, the hydroxy isomer produced from 3-EisoQ is the preferred form in gas phase and ethanol by 8.9 and 4.1 kcal/mol, respectively. The higher stability of the keto and enol tautomers in ethanol compared to that in gas phase indicates the higher polarity of the formed products. Overall, our calculations show that production of ethylene from 1-EisoQ is more favored than that from 2-EQ and 3-EisoQ.
Introduction
Quinoline or 1-aza-napthalene (C 9 H 7 N) is one of the most important naturally occurring heterocyclic compounds [1] . Quinoline has attracted considerable attention from scientists for decades due to its pharmaceutical properties such as antimalarial, anti-bacterial, antifungal, anthelmintic, cardiotonic, anticonvulsant, anti-inflammatory and analgesic activity [2] [3] [4] [5] [6] . Isoquinoline is the isomer of quinoline in which a CH group of naphthalene is replaced by a nitrogen atom in positions 2. Their electronic, vibrational, and rotational spectra have been widely investigated due to the relevance of the two compounds to astrophysics, [7] petroleum chemistry [8] as well as medicine [9] . Among the quinoline derivatives, hydroxyquinoline and quinolone have been studied both experimentally and theoretically [10] . Elimination of ethylene from ethoxyquinoline and ethoxyisoquinoline leads to the formation of hydroxyquinoline or quinolone which has a vital importance [11] [12] [13] [14] .
Over the past two decades, there has been considerable interest in the study of tautomerism of heterocyclic compounds to determine its effect on the chemical and biological properties of molecules. Experimental studies of tautomerism are still a difficult problem in chemistry and molecular biology. Most of the tautomers are not observed in experimental studies due to their low concentration. A detailed analysis of the structure and changes in the geometrical and energetic parameters resulting from hydrogen atom migration would make it possible to understand the different properties of the tautomers.
Hydroxyquinoline is a subunit of many important bioactive molecules so it has a very interesting structure. It is considered as a bifunctional hydrogen-bonding molecule which in aqueous or alcohol solution acts as H-donor at OH site and an acceptor at the N-atom [15, 16] . The OH and aza groups may be also involved in a keto-enol tautomeric equilibrium. Tautomerism plays an important role in organic chemistry, biochemistry, medicinal chemistry, pharmacology, and molecular biology. It is crucial to understand mechanisms of many organic reacions [17] . Some theoretical studies have been done on hydroxyquinoline such as rotation barriers, tautomerism, intramolecular hydrogen bond, solvent effects and proton transfer reactions by density functional theory (DFT) computations [15, [18] [19] [20] [21] [22] [23] . Filip et.al. studied the molecular structure of 8-hydroxiquinoline using B3LYP/6-31+G and PM3 semi-empirical methods [18] . On the other hand, Tokay et. al. studied tautomerism of 2, 3 or 4-hydroxyquinoline derivatives along with their thio 3 analogs [19] . Theoretical studies on proton transfer reactions of 8-hydroxyquinoline monomers and dimers have been done [20] . Tautomerism of 4-hydroxyquinoline in gas phase and solution using polarizable continuum method (PCM) has been performed at the B3LYP/6-311++G (d,p) level of theory [21] .
Most studies on the tautomerism of 2-substituted quinolin-4-ols and 2-substituted 4-quinolones are based largely on the UV, IR and NMR spectroscopic data and to a lesser extent on the semiempirical and ab initio methods [22, 23] .
Isoquinoline derivatives are considered biologically important nitrogen hetrocyclic aromatic compounds. They are used as solvent for extraction of several useful medicinally natural products and also as corrosion inhibitor. Quantum mechanical investigation of vibrational and electronic spectra for some 5-substituted isoquinoline has been studied by Suganthi et. al. [24] .
Although many chemical and physical phenomena are experimentally studied in condensed phases, the vast majority of quantum chemical calculations for the study of the structure, properties and spectroscopy deal with isolated molecules. There is a lack of theoretical studies on ethoxyquinoline and ethoxyisoquinoline. In the present work, Thermal decomposition of ethoxyquinoline and ethoxyisoquinoline to produce ethylene and different tautomers was studied in gas phase and ethanol solution using polarizable continuum method (PCM) at BMK/6-31+G(d,p) and MP2/6-311++G(2d,2p) levels of theory. The structural and energetic features of these tautomeric forms and their relative stability were described in this work.
Computational details
All calculations have been done using the Gaussian-16W program [25] . Geometry optimization of reactants, products and transition states has been performed using Density Functional Theory at the Boese and Martin [26] exchange-correlation functional (BMK) that has been developed for thermochemical kinetics studies [26] in conjunction with the 6-31+G(d,p) basis set.
The vibrational modes were examined using the ChemCraft application [27] to verify the existence of the transition states. To further ensure that the located transition states connect the desired reactants and products, we performed minimum energy path (MEP) connecting reactants to products through intrinsic reaction coordinate (IRC) calculations in mass-weighted cartesian coordinates with a step size 0.05 and 0.01 amu 1/2 bohr [28, 29] . With the exception of transition states, vibrational analyses indicated that all of the optimized structures are minima on the potential energy 4 surface of the respective systems (all eigenvalues of the force-constant matrices are positive).
Solvation effect has been modeled in ethanol using the polarized continuum model (PCM) of Tomasi et. al. [30] [31] [32] [33] at the BMK/6-31+G(d,p) level for the reactant, products and the relevant transition states. Moreover, geometry optimization in solvent for the same systems using PCM has been also performed to examine the effect of solvent on geometries as well as energies. Energy calculations were refined using second-order Møller-Plesset perturbation theory [34] , MP2/6-311++G(2d,2p) in gas phase and ethanol.
Results and discussion
Elimination of ethylene molecule from ethoxyquinoline and ethoxyisoquinoline leads to the formation of the corresponding keto and enol tautomers of quinoline and isoquinoline. The optimized structures of 2-ethoxyquinoline, 2-hydroxy quinoline, 2-quinolone, 1-ethoxyisoquinoline, 1-hydroxy 
Structures
The keto-enol tautomerism is accompanied by significant changes of the corresponding C-O bond length. The calculated C-C bond lengths of the ring are ranging from 1.383Å to 1.437Å which lie between the length of the C-C single bond (1.54Å ) and that of the C=C double bond (1.34Å).
Similarly the C-N bond distances in the calculated molecular structures vary from 1.307Å to 1.369Å which are also intermediate between those of a C-N single bond (1.48Å ) and the C=N double bond (1.28Å). Therefore the calculated data suggests an extended π electron delocalization over the rings of the system.
All the bond length geometries of the hydroxy form (EQH and EisoQH) are nearly similar to their parent compounds of 2-EQ, 1-EisoQ and 3-EisoQ ( Tables 1 and 2 respectively. Our computed geometrical parameters for isoqunoline are in good agreement with the value calculated at B3LYP/6-311++G(d,p) and HF/6-311++G(d,p) high levels [24] .
On the other hand, the geometries of the keto form (2-EQO) reveal that the N1-C2 and C2-C3 bond distances increase by 0.081 and 0.036Å, respectively in 2-EQ ( Table 1 ) . The C2-O9 length is decreased by 0.118Å in 2-EQ. In addition, N1C2C3 angle decreases by 9.9˚ in 2-EQ, while the C6C7C8 angle is nearly similar to the parent compound (Table 1 ). In case of 1-EisoQ, C1-N2 and C3-N2 distances are increased by 0.080 and 0.012Å but C1-O9 bond length is decreased by 0.116Å.
On the other hand, bond lengths (C1-N2 and C3-N2) in 3-EisoQ are enlarged by 0.026 and 0.066Å but C3-O9 length is shorten by 0.117Å (Table 2) . Detailed distances and angles values of all optimized tautomers at BMK/6-31+G(d,p) are given in Tables 1 and 2 . From the results obtained, the geometrical parameters of the keto and hydroxy forms indicate that there are two factors affecting the relative stability of the keto and hydroxy forms; a) the attraction between the O-H or N-H bonds and the lone pair of the neighboring nitrogen or oxygen atoms, b) the repulsion between the neighboring -OH and -NH or -CH groups as described in former study [35] . In most keto-enol tautomerizations, the equilibrium lies by far toward the keto form indicating that the keto form is usually more stable than the enol form, which can be attributed to the fact that a carbon-oxygen double bond is significantly stronger than a carbon-carbon double bond.
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The keto and enol tautomers are produced from 2-EQ through EQTS1 and EQTS2 transition states as depicted in Figure 1 Table 3 . As shown in Table 3 According to the Hammond Postulate which states that the transition state in a one-step reaction will, more closely, resemble the side of the reaction that is higher in energy, the transition state TS2 is more related to the reactants and the formed hydroxyl product, enol tautomer, is considered as the kinetically preferred product. A total of 10 points were selected for each reaction near the transition state along the minimum energy path (MEP) defined by intrinsic reaction coordinate (IRC)
calculations, at the BMK/6-31+G(d,p)level of theory. This study confirms that each transition state connects the reactants with the relevant products (supplementary material ) . 
Effect of solvent and dipole moment
One of the most important factors determining the tautomer distribution in different media is the environment. Dipole moments increase on moving from gas phase to the solution. The dipole moments computed in gas phase and ethanol at the BMK/6-31+G(d, p) level are listed in Table 4 .
Solvation effect has been explored in ethanol using the polarized continuum model (PCM) for the keto and hydroxyl forms and the relevant transition states. Geometry optimization in ethanol for the same systems using PCM has been performed to examine the effect of ethanol on geometries as well as energies. Analysis of calculation results showed that, on going from gas phase to ethanol, there was slight change in the bond lengths of all tautomers. In case of keto forms, there is an elongation of the N1-C2 bond length when changing from gas to ethanol, while C2-O9 bond length was The stability increases with increasing solvent polarity. The solvent represented by a polarizable continuum is found to show significant effect on the dipole moments of the individual solute tautomers. Our calculations indicated the predominance of the keto form at MP2/6-311++G(2p,2d) (gas and ethanol) for 2-EQ. In gas phase, the keto form of 1-EisoQ is more stable but in ethanol the hydroxy tautomer is the predominant form. In case of 3-EisoQ the hydroxy form is the predominant in gas and ethanol. The intramolecular hydrogen bonding plays an important role in the stability of the highly populated 1-EisoQH and 3-EisoQH in ethanol. Qualitatively, the interaction between different solutes (tautomers) and a constant polar solvent (environmental effects) can be correlated with the magnitude of the solute dipole moment [37] .
From Table 4 for R1 and R2 respectively).
Energies
Zero-point-corrected relative energies for ethoxyquinoline (EQ) and ethoxyisoquinoline (EisoQ) are collected in Table 4 .
As shown in Figure 2 , for 2-EQ the keto form is thermodynamically favored in ethanol and gas phase by 3.7 and 1.2 kcal/mol, respectively at MP2/6-311++G(2d,2p). In addition, at BMK/6-31+G(d,p) the keto form is still thermodynamically favored in the gas phase and ethanol. Moreover, it is kinetically favored in ethanol but less favored in the gas phase at BMK/6-31+G(d,p) and MP2/6-311++G(2d,2p) levels of theory.
Since the possibility of direct tautomerization between products is exist, this process should also be modeled as it affects the concentration of both keto and enol forms. The transition states and the corresponding energy barriers for keto-enol inter-conversion between 2-QO and 2-QH, 1-isoQO and The results given in Fig.3 indicate that the keto form of 1-EisoQ is thermodynamically favored in the gas phase at BMK/6-31+G(d,p) and MP2/6-311++G(2d,2p) levels by 6.71 and 3.19 kcal/mol, respectively but in ethanol the hydroxy form is the more recommended product at MP2/6-311++G(2d,2p) level. In solution at BMK/6-31+G(d,p), the keto form is still the more stable form.
1-isoQH, 3-isoQO and 3-isoQH
Moreover, the hydroxy and keto forms is kinetically slightly favored in ethanol than gas phase.
The hydroxy form of 3-EisoQ, as shown in Fig. 4 , is thermodynamically preferable in the gas phase and ethanol. In addition, the hydroxy form is more favored kinetically by 13.0 and 14.6 kcal/mol in the gas phase at BMK/6-311+G(d,p) and MP2/6-311++G (2d, 2p) levels, respectively. Also, it is favored kinetically in ethanol by 12.6 and 10.6 kcal/mol at MP2/6-311++G(2d, 2p) and BMK/6-31+G(d, p) levels, respectively.
Comparing the direct tautomerization between 3-isoquinlone and 3-isohydroxy quinoline ( Figure 12S ) with 3-EisoQ tautomerization it reveals that hydroxy form is kinetically more stable than keto form in gas phase and ethanol in both cases at BMK/6-311+G(d,p).
Conclusion
A Theoretical study on the production of ethylene from ethoxyquinoline and ethoxyisoquinoline isomers has been performed using MP2/6-311++G(2d,2p) and BMK/6-31+G(d,p) levels in gas phase and ethanol. Keto and enol forms are formed during this process. The results obtained can be summarized as follows:
1. The keto form of 2-EQ is the most stable form in the gas phase and ethanol. 4. With increasing polarity of medium the dipole moments of the tautomers are increased.
5. the direct tautomerzation between keto and enol show also the keto form is more stable in 2-EQ and1-EisoQ while in case of 3-EisoQ the hydroxy form is the dominant in gas and ethanol.
6. The production of ethylene from 1-EisoQ is more favored than that 2-EQ and 3-EisoQ.
